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,

A FLIGET INVESTIGATION OF TEE MMI!EOROLOGICALCONDI!l!IONS

CONDUCIVE !T!OTEE FORMATION OF ICE ON AIRPLANES

13yWil.liaraLewis, U.S. Weather BqeauL

13JMMARY

Data from flight measurements of the meteorological factors
related to the intensity of icing conditions are presented. The
physical factors that establish the distribution of 13,quidwater in
clouds of various types are discussed and the results of the analysis
aro used to formulate certain rules for the fo~’ecastingof icing
intens3.ty. The problems of determinirqjthe ran[jeof values of the
significant factors fiefiningicing intensity for the puqose of the
design of fee-protection equipment are discussed,aridtentative values
are given,

INTRODUCTION

Ower a period of several years, the NACA hes conducted research
on the prevention of ice formations on aj.rcraftthrou~h the use of
heat. Satisfactory wings tail-surface, and windshield thermal ice-
prevention systems were designed~ fabz?icated~and “bestedin natural
icing conditions for the’Lockheed 12-A, Consolidated B-24j Boeing B-17$ !
and Curtiss41right (M6 airplanes, (See references 1, 2, 3, and 4,
respectively,) Each design was based oraestablishing, for clear-air
conditions, a surface,tcmperature rise which experience had shown to

●

l!thisreport was prepared byltr. Lewis in collaboration with the
staff of the Ames Laboratory during a period of active partici-
pation by Mr. Lewis ‘inthe NACA icing research program.
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OF THE METEOROLOGICAL CONDITIONS

CONDUCJNX TO TKE FORMATICIT
\

By William
.,

,,

03’ICE ON AjRPIQJES

SW3Y
/

Data from flight measurements of the meteorological factors
related to the intensity Ot icing conditions tie presented. The

.physical factcursthat estd)lid the distrllmtion of liquid water in
clouds of various types are d-iscussedand the results of the analysis
are used to foiaula,tecertain .’rulosfor the forecasting of icing
intensity. The ~roblems of determining the range of values of the
significant fa,ctorsdefining icing intensity for the purpose of the
&esign of ice+Frotec-Lionequipment are discussed and tentative values
are given.

IIVTRODUCTJON

Over a,period of several years, the NACA ha,sconducted research
on the prevention of ice formations on aircraft through’the use of
heat. Satisfactory wing, tail-surface, and windshield thermal ice-
prevention systems were designed, fabricated.,and tested in natural
icing conditions for the Lockheed 12-A, Consolidated B-24, Boeing B-17,
and Curtiss-Wri@t c-46 airplanes. (See references 1, 2, 3, and 4,
respectively). Each design was based on establishing, foiiclea,=ir
conditions, a.sw~fac’eternpera,t.urerise which experience had shown *O I

,,,

%%is report was”prepared,by J@. Lewis in collaboration with ’the
st@f of the Ames I@oratory during a ptiriodof active pa&tici-
pa.tionby J@. Lewis in the NACA icing rqsea.rchprogram.
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kitd test .a~paratus,
tilewinter of
along airline route”’s
f’ortlanilj(kwg.,

The purpose of this report is to present the meteorological
results of the 194>46 winter o~erations. me nmthods Of’dX30rV?l.-
tion and r~ou]-tsobtained a?o ~i-escn’mdi’i:catfoliowod-by a discus-
sion of tbe prowess made thus I“?rrtoward a s,oiutionof the two
majcr metcorol.oQca,lprcblems relating to icing conditions; nam.elyj
the problem Of foreca,siingthe ini~+nsityof icing conditions and
the problem of defining ‘theph~~iccd ch,araCterZsticsof the
maximum icing conditions for which ico-p:revcntionequipaent will
be wcpocted tO ~z’OVidCd.~q~,?~,te protection.

Apyrocifi.tion,is extended.to the Army AiiaX’orcesjthe U.S.
TJe.~,therBWeaIIJ r.ndUnltud A2iALinus, Inc. fez-their active
cooperation in tho research program. In pa.i’ticularjthe services
of United Air L~.nosC2ptain Carl ]~foC&~.stenSon, who selwcd a,s
pilot of the test airyia.ne,contributed materially to the
investigation.

APP#Q?.ATUSAND METHOD

-“ drop
tion

diameter, (4) ~istrilm%ion:.f
cf ice particles. Completely

drop diametors$-and.(~)’concentra-
satisfactcl-ymetlhodsof measuring
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those quantities havo not yet bean developed.. sufficient progress
has been made, however, to yield results which are very useful in
the meteorological analysis of icing conditions. The methods used
to measure the various quantities are described in the following
paragraphs.

Free4ir Temperature

Free-air temperature was measured by means of a copper-
constantan thermocouple connected to a millivoltmeter. The cxcposoii
junction of the thermocouplewas baffled to prevent ice formation
on the junction and shielded.to prot~ct against radiation errors.
The installation on the airplane is showm in figure 1. The thermom-
eter”was subject to kinetic heating due to the
A discussion of the corrections applied to the
measurements to obtain the true temperature of
will be found in the appendix of this report.

Liquid Water Content

The rotating-cylindermethod of measuring

speed of the airplane.
observed temperature
the undisturbed air

liquid water content
is generally regarded as being the most accurate and dependable
procedure thus far developed. (See reference 8.) A full discus-
sion of this method is given in reference 11. Most of the rota.thg-
cylinder obsanm.tions reported herein were made with the manually
rotated assembly, consisting of two cylinders 1./8 and 1 inch in
diameter, shown in figure 2. Shortly before the end of the investi-
gation, tho mechanics.llyrotated assembly shown in figure 3 was
installed. ~is apparatus consisted of four cylinders 1/8, 1/2,
1-1/4, and 3 inches in diameter. A discussicmof the accuracy of
tho water-content da’t obtained by the rotaixlng+ylinder technique
is included tn the appendix.

Drop Size and Drop-Size Distribution

The quantities involving drop siz~ which aro of most importance
in the study of icing condition are the “mean-effective di~eter~’I
the maximum diameter, and the approximate valume distribution of
diameter. The mean-effective diameterj which is approximately the
average diameter, obtained by weighting the drops according to their
volume, and the ~olume difltributionof diemeter are defined in the
discussion of the rotating-cylindermethod appearing in the appendix.
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Th~ si~ificant chfixc’act,eristicsof the various icing conditions
encohntorcd.durir~gthe winter are summarized in tablo I. Each.entry
r~prosents a woo.thorsituation which was fq.irlyhomogeneous as a

1 whole”altb.ou~ the minuto-by+nini..terecord u.w,yhawo i~dlca,ted wide

va~j-a,tj.ons . For example, icing condition 19, table 1, includes
all data obtained during flight 33> although the flight was
conducted in a.miout of scattered cunrulusand cumulcn$mbus clouds in
whicl?the conditions wcro highly variable, The average water content “
shown 5.sthm unweighteiimean of t.hoindividual mea,su:cew.entsand, of
course, dots not in’cl~d.cthe time dmcing ,whichthe air,planewas
flying in clo.arair botwoen the clouds, Minimum values of water
content wore not included, since no attempt wnc made to measure the
lowest values cmcountozwd. The maximum and minimum of altitude and
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In the discussion
icing conditions, this
to tho general probleu
definitions now in use
interpreted in tams “ofthe ~vdaumta,l p~ysical q~ntitics, liquid
water contorrt,anddrop di.smtor,end not in teru~ Gf the accumul~tion
of ice on aii’craiit,inamauch as ice acclxnulationswould very widely
I?OI’identical iciligconditions, being dependent upon the typo of
~ircr~t ~~.d~]le~t~.re of the ice—protect~OneqUipnent. ~p f’c.ct~ors
d.eternininstileliquid water content of ciouds wi~l bo conalderod
next, followed.by EUnexauine,tionof the problem relating’to drop
size. Tho reGultc of theory and observeetionwill then be Smmmrizcd
in the form of a series of tents’ttveruies fcr ostivltirlgthe
intensity of icing conditions.

~ormulation of the Droblen.- Tke problem of forecc.stingtho
occurrence and inten~ity of icing conditions is but a small paiit &
of the general problen Gf weath~imfcn?ecasting’ Fur SOVG1’d.yCXl,rS, .
mcimorological and a,ir-tra.nsportorO~anizationshavw rcgularQ
preparcxlforecasts of woa.therconditions including the location,
type, altitude, rnd extent of cloud masses and the occwrronce and -.

type of precipitation. The prcpan.tian cf such forecasts is Generally .
regardecias one of tilemost important pmblens of practicml
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The definition of icinE intermi~- It is now generally recog-
nized that tho ,principalfactorG~~orrfiin2n& the intensity of an
icing condition are the concentration of fiupei-cool~dliquid water
~~-d~,1~di~~.~,~tel~of the ~:fio,ps,In additi~n, Ihen t’her~lalmethods
of de-icing are considered, ‘theair tonperaturo and thq amount of
snow in the.,a.irha,ve.an inpcrt.antMfect upon the %att requirements.
Icing intensities have been Lefinbd by the ll,S.Wentkcw’Bureau for
‘reportsfron ncuntain stations in tccr~sof.ihe rate of collection,
~,t200 l~iles~e~ hol~ron ~.3-inc&.di~~l@terc~rc-d~~’c@~L&rj

expressed M grams yor hour per squme centiriete~cf projectqd area..
(See referenoo 12.) The daf?.nitionsare as follows:

TULC~ of ice . . .’ . 0 to 1.0 &an per sqtmm centimeter how
Lightice , . . : . 1;0 to 6.o grans per square centimeter hour
Modorato ico . ‘. . . 6.o to.12.O gmms pe~’square centimeter hour
Hecvy ice . ., ... 12.0 and over grans per square wntineter’hmr

The values cf collecticnlefficiency ~f cyl&ders given ii
re~oronco l].have been used to express’the f’cre&oin~definitions of
icin-gLntonsi?y in terns of liquid’water””contentand uniform drop
dianetcm at 10,000 feet pressure altitude and 15*,F’. The results
are shown by tho curves in figure 5. “Tho eff~cts of variations in
pressuro altitude and tempera%urc are snail hnd will be neglected,
It should lo noted that tinecurves d~finin~ icing intensity,a.re
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any point within”the cloud mass w%ero the satu.mtion mixing ratio is
x~, the liquid water ccntxmt l?~ is given by

WI =(x~ -X3)9

where P is the dry-air density. If xt and xs arc wcpressed
grams per kiloL=*amand p is in kilograms per cubic :aeter~ WZ
given in grcunsper,cubic mGtei*.

in
is

An exanple of this t:j~eof cloud formation was observed in the
vfcin.ityof’Cheyennej WYO.: on Apr. 9, 19h6 (icing condition 28,table 1)
when a cumulus cloud which reached an altitude of 20,00G fset was
investigated. Most of the clsyd had turned to snow but one portion at
about 17~000 feet pressure altitude was found to be composed almost
entirely of liquid water. ~~asuremcmts within this ,portionof the
cloud indicated a liquid ~~atei-.conte,ntof 1.1 grams per cubic meter
at a tempera,tuireof -s” F. A comparison of the fii@t da~ with the
theory of a.diaba.ticlifting indicated ciose agreement. In figure 10,

from observatl.onsin clear air outsidethe teuperaqt~ve-pressu-ecul’ve
the cioud is shown as a solid line. The dtittedline represents the
yrobable history of the ascending pazzcelfcrming the cloud. ‘The
observation within the liquid portion of the cloud is shown as a.
cir,cle. The surface dew point as reported from Cheyenne was 21° F,

.. Which corresponds to a miXing ratio of 3.0 grams pez’kiJO”@am. The
sa.tura.tionmixing ra,tio(with respect.to liquid water) a,t17JO00
feet pl%ssure altitude and -3G F is 1.5 ~wams per kilogram and the
air density is 0.72 kilogram per cubic meter. Using the equation
derived above, the liquid water content ts

w; = (3.0-1.5) 0.72= 1.08 grams per clnbicmeter

This close agz”eementwith the measured value, though partly
fortuitous, is a faiz-lyfloodindication that the water content of
that portion of the cloud had not been a.pprecie.blydepletedby
mixing or precipitation although the convection extended to a,high
altitude and very low temperatx.rre.

‘Themethod just described for calculatin~ the liquid Water
content of cu,mulusclouds may be applied ,alsoto stratus and strato-
cumulus clouds when those are formed by active mixing:within the
surface turbulence layers since such mixing tends to ;moduce a.
condition of constant total we,termixing ratio and adiabatic lapse
rate. Clouds of this kind have been discussed’inreference 6 which
includes curves giving the liquid wa,iercontent in terms of the
cloud-base tempe~”a.tureand the heigl~ta,bovethe cloud base foinclouds
formed adiaba,tica,llyby convection or turbulence. Observations made
during the 1945-46 season indicate that the observed values of water
content reported in reference 6 were sonewhalttoo hi~h$ s@ce they
were obtained by the dew-point method and are su.bJectto s~lling
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The second case’mentioned previously, the situat~cm,in which
many snowi’lakesare present, has been treated in :rwfw?ence“i,in
which it in Ehcmn that stabls~ precipitating, warm-front”typa cloud
sys’tomsdo not, in {~enmal, contain liquid walxm dropb at below-
freezint:temperatures uxcept in tho imwdiate vicinity of the
freezing level., ~~erie.gce d~ing tho @\.5-4~ season j.nd,ica~;~
that the discussion given therein apylies in genera].i;othe
altost~’atus-~ti.nlbos’uatl~scloud eystem as~ociated with cyclonic storms
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even thGugh tl-m,j?rcmta.1structx?ramay be confused and indef’i.nite.

In the ~jird C~.SC,&@ foinaticn of ice crystals Wit.!2in3 CUIIIUIUS
C1OUL my res-ultin a Ve&jjrapid dcpleticn of tho liquid w~ter contant.
An example of this process.was observed (icing cmditlon 39, table I)
whefia.large well-develop~d cumulus cloud was invostigatcdby means
of’observations duzzingfour successive runs through the cloud. A
~ecdrd of these observations is given in table 11.

As the cloud wfiaapproa,cherifor the first run, It had tlhc
appeam.nce of a.typical cumulus Congestus cloud w~tkout any ViSi3hi
sof%en$ng of outlines in the upper yortions. Since scattered
snow, Qclb-@ WCIW observed.during tlq~first run in +jYjc GIOUd, it IS
beliovcd that prccipits.tionhad just begun at that time. During tho
succeeding 18 minutes, the liquid water content withtn the clouii
diminishedfmm 1.9to 0,2,ymns pcr cubic motcv as a r~sult of the .
sudden fofi%ticn and imapidgrowth of solid prGciyitation pa.rticlos.
after the last i~.n}the cloud was.observed tz have the i’cwm”and
appoara.n.coof a typical.cumulonimbus with a definite anvil top end .

soft outlir.estlxrciughoutthe upper pert. Unfcx%mnztely, tho ~bserva- .
tions recorded in ta.blc11 were nat.all made at tho sem altitude,
hence yszztof the observei variation in cloud compositionmay have
been dw to differcnce~ 0$ al~itude, N(jvSi*th610Gsjthe cmplcto change -
in appearance of the cloud duzzingthe yeriod of the abscrvaticn~
supports the interpretation given here that the obscrvod chango~ were
red. changes with time of t~,athem.cter”istlcsof the Cmtire U~JpOr .

portion of the cloud,

The d.ymmic affects ?f such a :-apititrcnsformc.tionfrom cumulus
congestus to cumulonimbus are worthy of note. ‘Mo temperature rise
caused by the i.iliera,tedbbat’of fusion combines with tho S-imultcuieous
removal of water by procipitatio,n.to prod.ucca.Guddon i!;~~r~asain
density of the cloud mass, @~i&h “inthe ca,seunder discussion WCLS

calcuhtd to bo about O.~ percent. ‘Ibiseffect may help to cccount
for the violent conditions”of~qn obscrwed in cumulonimbus clsuds.
A detaikd ir~~~tm~ntof ~h”ed~~ics and thermodynamics of CUMUIO-
nimbtlsclouds is contained in releronce 13,

. .

the foregoing ~Lk.caries.C’oncelmi’ngliquj.d‘kiter contentj since the
altitude of .ths.’cloudlkse was usually unlqxmn d.urin~ tlii% mea.sura—
ments. ~erte.imdeductions fr~. the thegry can be ch~cked :L&!in3t -.

the deta, however. FoiaGxample, sinco layer clouds arc generally
Iimit&d in depth to 2000 01”3000 f~ctj while cumulus C]OudB may
have c much grocitorvertical extent, the liquid wzter content
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The problem of drop size.- Yn orde~’to e.~~ressan estimate of
maximum liquid water conten%qn terms of’icing intensity, it is
m.ecessa.ryto consider the problem CJf esthna.iin~: the dro,pdiameter
and its effect upon-the intensity of icing.

The data presented in figures ~, l’,and 3 have ‘beenex~ined
to determine what i’elacti~qshiplif any, exists between the mean-
effec-ttved.i~o,pLie.meterand the liq~~idwater content, cloud t~e,
tempevalture,and altitude, The most obvious characteristic of all
of ~nese dia~amts is tinelack of’any ciea~r-cutpatterns which would
indicate reltable correlations mon{j the various quantities. Some
important information cam be o“ot,ain.edfrom these data-,howeveti,
especially on the Relationship between cloud type and tl!erange of
values of liquiflwater content and mean-effective diameter. An
examination of the data presented in ft~ure ‘jdiscloses a relation
between wa.te~”content and the obseuved range cf values of mea.n-
efi’ectived%meter. Yor values of liqui,dwat’e:r content below 0.2
@%m por cubic meter, the range of mesn-ef’i’ectivedrop diameter
is from 5 microns or less to ~~ microns me more far both cloud types.
AS the watev ccmten.tincreases, tilerange of drop diameter decreases
fol-both types. Of e.total Uf 32 observations j.ncumulus clouds
contair.ing0.7 or more g~:amscf liquid water per cubic meter~ all
the values of rnaan.-efi’ect~-ved.zwp&iameter were included in.the range
from 10 to 23 microns. Of a.total of ji)measurements in iayer clouds
with a water ccmtent of O.h z&Ta~mper cubic meter or iflOrejall kave
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I Nunbor of obeervcxlcases of I

Range of
icing of various intcmsitxics

clOUa type water Alternato scalo of ~ Woathor lmreau scale
,content icing intonoity I

of icing intcnwity
(dcjtornincdby

ia.sswlc&diarmtei+);Trace\Li@+t!Moderate~Heavy
,

L~YGi~ i
clouds

o- 0.11 ~ TrZMm ‘,;; 37; I o ‘o

assured
0.I.2-o.68 qi@t Ii o

‘lo i () I o
&iLaueter,

0.69-1.33 Moderate o
lover 1.33’ lloavy ~o

14 nicrons 1

CUrrulu.s o_ooT’ --1---1: ~ .; ‘o
Trace 14 0

clouds O.oai.kg Light 135~
~115i2~’

o
CWsuncd
dianeter,

O.~0-1.00\ Moderate

I
I

3

17 nicrons.1
over 1.OO1 Heavy ‘1 0 I 2 ; ~2

~. {

The data.in the table show that out ef 232 cases the two scales
agzzeefor 18o case~ (78 percent), and that the alto.rma.tedefinition
indicates e higher iciv.gi~.t~nsityin 40 cases (17 percent) and
lower intensity in 12 cases (5 percent),

It should be noted ttmt the data,of figure ~ which were used to
choose the assumed values cf drop size weie also used to verify the
validity of theresults. If these data,do not constitute a,representa-
tive sanplc, the degree cf eqyeenent indicated w,illnot lo attained
in general.

It is fully realized that more accurate and dependable estinate~
of the intienaityof’icing conditions could bo nade if the.?drop size
could be predicted, end therefore that tiledcvelcpi~entof methods
of predicting drop sizes is desirable. Unt~l such neth~ds are
discovered, however, the nethod proposed herein for estirm.tingicing
intensity on the basis of an in~ensity scale”based on arbitrarily
assuned values of drop size offers to netooralcgists a p-r~.ctic~,land
fairly ~eliciblomans of dealing with the problm of foi-ecastingthe
illtf3TWitj- of icing conditions.

The foregoing discussion has been’ba,sedon the scale M’ icing
intensity defined by the Weather Bureau in rof’erence12. This type
of definition is pi-dbabl~m good m c.zmbe devised as a scalo to be
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umd for gmeral puiiposesin the dispatching Gf aircrfit and reP~rtin&
Gf conditims encGunter6d in wrdinat’yGpcn?s.tions.It is bolievcd,

hcmverj that the average ptlotfs or Uetecwologistts concept of
%ieders,telt02’‘%ea.vyl~icing is’considerablyni?.d.erthan indicated by
this scalG. In fact, this scale would probably be in better agree-
r.~ontwith tlheavOra~O pilct~a estimate of icing intensity if the

terns l!trace,tll’light,t’lloderate~~~and ‘%ea.vyllwero rcpl.acedby
*ll@ht,!!%oderate,+r ‘rhes.vyj~!and %ery hcavys+~ros.poctively,

lb simple scale of light, mGderate, G.1-!~ hO~.yYicing is adcqua.to
for engineering’purpose~. Values of liquid water content, r.mm-effoc-
tive drgp i!.iameter,uaximun drop diameters and tempera,turcmust all
bc t~on intO account if a,ni,ciag~~ndit~on iS to bo adequately

dcscr,ibedfro~~an engineering standpoint

Scrlletentative rules for .estfimtimzthe intemSi~~f iCiTILZ

cond.ttiozxs.-The foregoing discussion suggests sever.a.l rules for esti-
rm.tingicing irrkmsity. Altkcmgh these goneralizati~ns on hascd-on
c lfilitedmnbor of rm.surenents whicl~may not have been rcprcsenta-
tivO of ~1 conditions, they are supported by a.ccmsidcrablo emunt
of qualatativc observational expcmience and Mavo a sound physiccl
lmsis. Morcovorj the observations were nade ever a.large ~eographical
area includtng wide v~oriattonsin cliaete and topo~a.phy, landincluded
invcuti~a.tionsof cenditi.anSin a.wide va.rfetyof’~ynoptic situc.tions

Tim dcpcmdcnco 0$ icing intensiti~upcn cloud typo and the pre=-
cnco or absence of precipitation is illustre.tedby fi~urc 12> which
shows the ,percentr~eof obscrvatiw of each degree of icing in’~n~i.t~
fcm layer clouds and cur,ulusclGuds, with and without precipitation.
It should be pointed,out in ccumection with fifjum 12, tkt the dn.ti
presented therein, like all the data im-this repfii%,aro likely ti~?E
biased by the inclusian of m..unduly hir@ pcrccz!taaeof ~bscrvc-tions
in the more severe conditions. This is the result of the practice,
which was followed thr:’ughoutthe fli@lt progran, Gf attcu.ptingt~
fly a.tall tines in the nest severo icing conditions available
and rena,iningin such conditions m lmg M pr:ctic~ble. An:tI?er
practlco, which @ves a sinilar bias tr tk data, was the hc.bit of’
naking the observaticm r~ore frequently in the hc~vier icing conditions.

The relationships apparent in figure 12 c.nclthe gencrallpi’lTl-

ciplcs daterr.lining the liquid water content of clouds lmvc bcon used
to foruuln.tethe follawing tentative Lties for estimting tho irrton-
sity of icing condftiions accurding to tho intensity scale given in
reference 12:

. .

. .

.

.
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1. In layer clouds with precipitation, icing intensities
.. greater tlnana trace are unlikely except near the edges of’the

precipitation areas or where the precipitation is very light or
has Just begin.

.

.

.-

-.

2, In clcuds finned by convection ~i” tLWbulence the icing
intensity usually varies With temperature and height above the cloud
base as indicated by tinetheory for adiabatic liftingj’but.tke actual
water content is usuall,yless them the calculated value.

,.

3. In layer clGuds without precipitation,,icing conditions are
usually light but are occasionally.modera.tenear the’tops of thick
la.ykrs.

.4, Moderate and heavy icing conditions usually occur only in
cumulus clouds”,but condition ainthe Vpper pmrtions of unusually
thick stratus or stratocumulus layers occasionally reach moderate
tntensity.

5. Icing conditiorisin.cumulus clouds are highly variable and
in the upper portions of tall clouds may be very severe.

6. During win%,er;hea.vyicing conditions are not likely to
be encountered continuously fo~ more ~Jan 2 to 3 minutes.

‘TheProblem of Defining the Physical Characteristics of Icing
Conditions fur -thePurpose of the Desj.gn

of Ice-Protection Equipment

Theseeond major problem in this investigation is that of
defining the sigm.ificantproperties of the most severe icing condi-
tions likely to be encountered in the coti-seof all-weather transport
operations in a given area during a.particular season. The ftillowing
remarks refer to conditions in the northern half of the United States
during wintei-except when other areas or seasons are specifically
mentioned, as for oxe.mplein the discl..wsiotiof tsunmercumulus clouds.

Maximwn icing conditions in CUM,UIUSclouds.- It is seen by
reference to fi~~e 5 tha,tthe heaviest icing conditions observed
in cumulus clouds are much more severe than any experienced in layer
clouds. It follows theref’oz’ethat the kwa.viestpossible icing condi-
tion, chosen without regard to its extent or duration, may be expected
to occur in cuzmalusclouds. As mentioned in the preceding section~
the m,aximwnliquid water content within the subfreezing
cumulus cloud may be determined by ca.lcula.tin.gthe free

portion of a.
water produced
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by adiabatically lifting a.mass af air from the cloud-base level.
The observations of icing condition repwrted herein were all made ..

during winter and spring trisituations in which +We temporaturw at
the base of tileclouds was near freezing or lowei?and in which tho
vertical extent of the cloud development did not often exceed 60CKl
or 8i)o0feet. If these condition~ are taken as represcntativo i’or
the icing season in northern United’States, it would apyoar reason-
a.hleto accc-pta cloud-base temporaturc of’~2° F and vertical extent
of 8000 feet as r~pzwsonting the maximum cumulus icing condition
likely to occur witii~appreciable frequency in northern United States
during winter. Under them conditions, the calculated maximun liquid
water concenix-a.timis 2.5 grams Dcr cubic meter and the ccrros,ponri-
ing temperature is approximately fi” F. Tho corresponding value of
?nea~effectivc diameter was est+aatcd fr~cm the data in ftgure ~. It
was noted that the seven observations of mere than 1.2 gmms per c~?bic
meter water content all had meameffective drGp diameters ,intho
relatively namow range from 17 to 23 microns. Th5 avtiz’a~e of khcsc
observations, 20 micronsj was chosen as the probable value of mean-
effectiva diameter corrGspmding to a maximum water cent.mt of 2.5 .

grams per cubic meter at a temperature of (ICF.

It should be recognized that ‘tiefaregoing max-imumicing gcmdi- “
ti.on was deri~ed ~rom an ass’umxlcloud-base tempcratare of 32 F. lf “
wazme~’weather condlticms are consi~ered, the maximumicing condition
increases considerably. As an example, the conditions in the upper
poiition of a tall summer cumulus cloud will be calculated. Eluri%ce
conditions are a.ssweiias fellows: pressure altitude, 400 feet,
tempera.twre,90° l?; dew point, 7’5° l’; mixing ratio, 19.0 gm.ms of
water vapor per kilogram of dry air. If t~]i~ s~face air is l,if’t~d.
adia.baticallyj condensation occuzzs at ~600 feet pressure altitude and
71.5° F. Supyose the cloud extends. to 23JO00 feet pressure altitude
just %efore precipitation begins. The ~ondition a.t22,000 feet
would be as follcws: termperature~22.5 F; liquid m.tei+ content, 7.6
grams per cubic meter. This represents an extremely severe Icing
condition; in ract, if the water content were reduced by 50 jm’cent
due to precipitation and mixing, it would still be an extremely severe
condition. There is reason to believe that such conditions occur
frequently in warm, mGist climates where convective showers are common
as along the C%lf Coast in summer. Tfiesevere icin~ conditions, h5w-
eve~, are eharply limited hotlhin space and,the, and therefore wot.iLd
very ra.relyle encomtered unless deliberately sought.

~~ co~~ect~onw~t~the problem of d,efiningthe msximum icing
condition in which an ice-prevention systetisl~ould.be expected to
provide protection, it is necessary to define the mast severe icing
condition likely to be met with a g:-venairplane ra.thei-than the most

-.
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seveiae icing condition which can ever occur. This presents a ~r~bler.1
. . sinilar to that involved in tho design of airple.ne structures tc

resist turbulence. For exmplej it,:i~-’no~ocns~dered necessary to
desi~ airplanes to withstand the condi%i~nsocctrfin~ in tOrndoS,
and y~t such ~to.rm are by no n-cans,raye:inth~ ‘UnitedStates. The
homiest icing conditions,.though muelllarger tine.~lxxnados, are still
quite ].imitedbo%il”inextetit”a~.lddura.tionain@,ue parts of Cloiad
systems which ordinarily cwneasi.lyhe raco~izcd and avoided by
exporiencod pilots. Thus, while thwe is reason to lmliove that the
concentira,t.ionof supercooled m,ter near the to~s of hmlus clouds
nay occasionally rec,ch 2.7 gram pm Gu~ic ~~eterin winter in the
“PacificlTorthwestand 6 hi-.7 grnns yez-cub~cneter in sunner nom
the Gulf Coast, tt is estinated that ~he hi,gihestvqliielikely to be
“encounteredin the course of all-weather transport operations in
the United States is about 2.0 grams per cubic n~ter, Tho corre-
sponding os.tir~a,tedvalues of uear.effective drop dianeter and terJper-
ature are 20 nicrons and 0° F. Tho nest probable duration of iligh.t
(at160nph) in this condition, if it is encountered, is estix]a.ted
to be qhout 1 ninuto, cnd the nsxirxm duration a little less than
2 uinutes, as will be shown bc?lOW.. ~

~~e rel~,tiOnb@tween fnt~nsft:jand naxj.uunextent Of icing
conditions.- Becau.seof the facts that heavy icing=onditions were
observed only in cumlus clouds and~ths.tcunul.usclouds are G.lWGYS
rather linited % horizontal extent> a stuQ of the data was made in
an effort to define a.relation between the extort antiintensity of
icing condj.tions.‘lTnforturratelyjcla%aon the linear dincnslons of
the icing conditions were not obtained. The duration of flight in
continuous icing was therefore used a,sa nea,sureof the extent of
the conditions although in several cases the airplane was flowm back
and forth in a single cloud torna.tion~thus giving.rise to larger
durationtha.nwouldhave been r6quired for a straight fli@t.
Figure 13 shows the relation %etween the duration of ~er~ods of flight
in continuous icing conditions and the average liquid water content
during the periods. The plotted points e.rofor individually olserved
cases and the line represent~ the estirmted relation tetween average
wa.tevcontont and ?.?exinuiidumtion. It is fully relized that this
esttiate is uncertain due to the linited mount of data upon which
it is based. It should le of sone value, however, in indicating in
at least,a roughly qua.n-tita,tiveway the inVei”serelationship whicl~
exists between a,specified icing condition and tl%eprobable d-ura.tim
of flight in that condition. In the application of these results to
the probleu of evaluating the requirements for ice protection in ~,~1-
weathe~”transpoi-toperatior-s,it should bc reuez;beredtlna.ton the
research f~i@&ts during which these dab, were collected, thO fli@lt
path was chosen with the object of aaxinizing the sevcw’ityand



Sinca the tergmraturef as well as the Liquiil wa.%r cc.ntent, 2s
of,prima~l~ impmtance in the design of thermal systems flor lcJ puotec- “-
tion, ‘tierelation between temperatwa and’max.bmm wat~r cmtont lW
Ccmtinuous icing ccmdltions shsuld be determined,. It MM been
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The lowostcuyve in figure 8 indicates the relatton between
, ma,xtm.umliquid water contor~tand temperature in layer clouds as

observed in this investigation.. .5i.ncothis curvo is based upon cnly
a,small n,~ilbe~- of observations arxisince it has no theoretical basie~
it should be used with caution. Ikcause of tho small amount of’da’a
available for la~yerclouds at very lGW tOQOratU.reSS it iS not
possible at this time to define the msximm probable lcm~--ten,perature
continuous-icins cofidition.
.,,

~ical ici.n~conditions.-——.-— -. The conditioiisdefined above as the...—-.——
most severe likely tc)bo ~?n-cmmterodi-nali-woa.tbio~”transport operat-
ions will only rarely be ~bserved, Conditlorlsordinarily met wl+~%
are much milder. It is es.ttma.lxxit%t values of liquid Water Center.t
as high as O.~ ~yam per cubic meter in layer clouds and 0.8 Gj?emper
cubic meter in cumulus C1OULS w:lJ-bc:encountered with s~u!nficicnt
regularity to be zqgnided as normal Or t~~ica.1iCin~ COlliitiOilS.The
corresponding mean-effective diametxw is likel~ to bo anywhere in the
ra,ngefrom 8 to 20 micrGns.

Icin~ conditions witlbvery lar~;edrcws.- Another important aspect. .—
of the problem of the definition of ~~CXiDl~nj.cingconditions concerns

the lazzgestdr~p diameters’likely to bc cncountored and the probable
corrospondin~;valu.csof water content. Exe.mina.tionOf the data.ili
figure 7 indicates that in abcut.1 obscrva.tionin 50 the mean-effec-
ttve diameter is over 35 niczwns. T%is limited amoluntof da%. for
clouds with large moan--efsectivodrop diameter indicates that.the
water content is likely ta be low, 0.25 gam per cubic mot= or less.
It should be yointed out.~I?uwover,that the La.ta,in figure 5 are in
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In layer clouds
tlnan a. trace are

has Just begun.

2. In clouds compcwed entirely of liquid drops the ici’]ginter~
sity usually varies with temperature and height above the ~loud ha,se

l“fting.,but the actualas indicated by the theory for adiaba.tk -L
water content 5.sordinarily less than the calculated value.

3. In layer clouds withoi!tprecipitation, iC~ng condit~Loflsare
usually light but are occasionallymoderate war the tops of thick
layers.

4. Moderate and heavy i[;in~COnd~tiOnS VGUallY OCCW’ O?Ilyin
c~ulus Clouds,but collditi~s in the i:l~~~)~~ ~~rt~~~s @ un~.s;~.d~.y

thick stra,tusor stratcmumulug layers orrasi.oaa.llyreach moderate
intetisity..

5. Icing conditiorisilicumulus ~iouds are highly variable and
in the upper pOi~tionSof tall cloud-snmy be ver.vsevere.

6. During winterj heavy icing conditions are not likely to he
encountered con-tinuouslyfor more tlxm 2 to 3 minutes.

Analysis of’the a.va.ilahleobservational data.sujjplementedby
con”sidera.tionaof the ‘physicalprocesses involved in the formation
of icing conditions has led to the following te~~tativeestimates of
the most severe icing cond.iticmsltkely to
course of all-weather cra.nsport0p62?ZLtiO?lS

Duration Liquid
cloud tme ~160 mnh) water. content,
Ctmlulus 1 minute 2.0 #n/m3
stratus or 20 minutes 0.8 gm/m3
stratocumulus or longer

Sti”atusor 20 minutes
stratocumulus op lfmwjer 0,5 gm/ms

be encountered in the
in the United

Average
drop diameter

20 miCrOnS

15 microns

25 micrsns

Ames Aeronautical Laboratory,
Na.tiona.lAdvisory Committee

Moffett Field, C%lif.
for Aercma.uticss
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The true tmaperalture
subtracting ‘tiefallowing
When flying in cleay air:

AT

of the undistmrbei air was cbtain.~ by
correction from the observed tauycr,at?xa

= 1.7”7am-)’

where AT is the correction in dc~~aes Fdcrcnhclt, and lly is
the true airspeed in N51OS pm hour, Thc valuo of tke constant
a must be determined experimentally for any particular instcll,a-
tion. For full adiabattc compression at a stagnation point a = 1..0;
for the particular installation dosc~ibed heroin a = 0.93 kO.03.
This value was determined by making mccessive runs at varicus
speeds at 3.constant d.titude over the same arm in a.pyroxima.tc?l:.’
homogeneous air.

When the al% con’tiinsllquid water drops thsre is appar%tl.y
no accepted theory for calculating the temperature rise. ~~y&J-

asswed in reference 5 that the ratio of the tcmperztwno rise in
wet air to that in dry air is equal to the ratio Gf th specific
heats of dry and w~t air a.tconstant prosm.uw. The usc of the
ratio of the satrrated and dry aijcba.ticlapse rz.tssis recommcndod
by the Army Air FGrces for use in ccm-rcctingwet bulb rcxidimgsin
clear air.and both wet and dry bulb ~edi~~jS in l’wetcloud.’t This
differs only sli~,tly from the rat5.omcd by Her&yj tk difforcnco
being due to a difforonce between tho adiabatic and isbbaric rates
Of ch~.nw of’sat~~”ation.miXi.n~r.a.ti~w~.tk t~mpei%t~e.

In order to dbtwmine ~xper-imentall.ythe i-~tioof the kinetic
tempera.turerise in clouds to that in clear air$ test runs were
made at various speeds in unifarm stmtus clouds et tompedatuz%s cf
17° tG 25°F and 50° tO 60° F. TlieteSts at 15° t~ 25° F WIWe
conductad in Mtnnosota during the winter of 1$1~1$~~with tkm c-46
airplane. The thermometer used was Gf tkc mercux’y-in–sla~s“typo
mounted with the bulb pointing d~w~nd and shi.clciedas shown
in figure 14. TI?etests at 70° to 60° F w~re conducted in stratus
clouds off skcwe near San Francisco with a U.S. Ne,vyblimp ~.nd~
P-38 airplane. A resistance the;mmmctcr suspended cm a cable bc?low
the blimp was used to make a sounding ‘trough the clcud Iaycr ,just

9.
.

.

.
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befcro ~nd Jyst ai”ter thoh@h-syecd runs with the j?-38. Z&m
tlnermcmmter cn tho P-38 was a resi.stane,e thermomete~ with. the
sens~.tive element exposed.in a mounting designed to obtain tho
stagnation t@Qerat~iw. Tho results Gf these tests are p~esentad
i-n#’i&tur~15 which also includes curves showin~ the rs.tiOof the
specific heats of dry ‘and.wot air at constant pressure and the ratio
of the wet ~tiddry a,diabc.ti.clayse.rates.

.

,

.

--

~Sincethe adiabatic la.pse-ratmratio shows the best agreement
with thu obsorvaticm.s, it has boon.used. in this invastiga.t.ioa to
determine the kinetic heo,ti~: correction for all obsorvctiona of
temperature withim clouds. It was observod- that ‘.’ei-~ small amounts
of liquid water are sufficient,tc reduco the hlne,tic.telnpe~-a.ture
z’isc?to a.pprox~finatcl.yths.rnoistadiab[iticvaluej iJenceno attempt
has bcon made to use i.rvte.rmwiiate values of the.correction for low
vallues mf ,1.iquifi wate:c ccmtcnt,. Since no moasnrernents o~ the
kinetic temperatxreo rise have been made in clouds composed of ice.
cryst,alsj iho corrections wero made in ttie sa.tic way m in cl-ouas
COmpGSOd of liquj,ddrops. ‘Theel’rorintiolsfedin thi~ procedure
is unkncwn but,may rea.sonab~Lybe assumed to be less than ~dle
difference between.the drj~and wot comect~oris~ which difference,
at the temperat.vl’eend s,poeduprevc.ilingin this investigetian$
was usu.a.llyIetween.1° ant.2° F.

,.

The validity of tlnccomection $mt described for k~.netie
heating in clouds does not depend upon .anyassumptions rwp--dtng
the procesSes of ~vapo~ation whi,chmay occur ~.tor near kho
thermometer. Tho usc of the ratio of the adiabatic Ia,psorat.eG
is justified’on.purely empirical grounds, since,the observed ratio
of wet to dry values of’kinetic temperature rise agrees fe.irlywsll
wtth the la.pso-rateratio over a wide range of temperature.
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drop-sizo distribution in icing ciouds are usually
terms of a.!!volumotrrather than a %umberl’ distr:butionj

sinco tic amount of Watei’in drops of a given sfze i.sai’grcat~r
inpor%nce thzm ttm m.mkwr of drops. One form of volume-didribution
curve is constructed by plotting$ as e, funct”ion of dtameter, +&ic
percent of the total liquid water content of’ tke cloud which :.s
ccntained in drops smaller than that diameter. A distribution
cunw ~f this type is prosenteii in fi~o 16. !l%is curve was
drawn from data appearing in referoncc 8 which were obtained by
tiho sooted slido technique d.osc~’ibedtherein. On a distribution
curve of this tyyoj the volume, median diameter is the valtk+ of
diameter detormtned by the point at which the cuzz-;ecrosses the
50-yercent lin.o. The voluuu mdian diameter is tl!usdui’incdby the
property that them is as much watar in the dzzopslarger than tho
volume median diameter as thcro is in,draps sme.llw than the v~iume
median diametGr. In the GxampLc shown in figure 16, tinovolumc
median diameter is 11.9 mic~cns.

The data presented In roforence 11, showing +thecollection
efficiency r)fcy~inder~ aS a function Cf ~.,
drop diameter,

a pSr.SMIGtei*involving
am given for five assumed dist~ibntimG of dmp size,

A, B, C, l),and.E. Distributions A, B, and E are sh~wn in figwo 16
for a volume median diameter of 12 microns.. Distuibuticn’w C and D
which are intermediatebgtwcen B and. E are omittsd for simplicity,
‘Thevalues of drop diameter obtained frcm rot.e.,ting-cylinderobserva-
tions by the method dcscribcd in cd’erence 11 arc called mcc.n-
cffective diarmtcr. The mecwwffective diameter is equal to the
volume median diameter if the a.ctwaldistr~bution ia sinilm to th~
assumed distribution. It is not knowr how cl!xely the as6Luwi drop-
sizc?distr.i.lrxbionsros.em”lothe actual distributions found in
clends, Since the ltij.ted~o~~nt d titi av~.ilfibl~f~+omth~ fOur-
cylinder alppzratusindicated the presence of dlstvibutions ccvwrin~
the entira range Prom A to E, the ctrbvtisbased,on distribution
c were arbitrarily chosen to bc used in reducing thu date,+~kcn
with the two-cylinder e.Fparatus.

Tho errors involved in calculating the liquid water content
and r,eem-effectived.immet~rfrom the two-cylindcn-data.havo been
estimated by considering the ervors inhoront in mea,sur:ngthe
quanti.tioa-usedin the calculations.. The r~sdts, which crt?shown
in the fcllowin~ table, are based on a liquld wn.tw’content cl’0.5
gram per cubic meter and an flveragadrop diametx?rof 10 I’!liC20nG.

.
.
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1, “1”

.-—~
P Resulting percent error (E) ~

~ IkMmated ,
~

———d
Source of error , a?nount I Water ~ Drop ~

of error ] content : d.i”a.meter., !
i ~ (percent) . (percent) ,— —~.

-.

. .

I

I

I

I
Weighing sample !
l/8-in. cylinder ~

!
Weighing sample I

l-in. cylinder I

0.02 gram 2 ‘“;

.03 $ywn 1.0 1

~Assumed density I
2“Or ice 2.5

2.4
I

1

1

Timing exposure o

True airspeed 0.
,
I
1

I

!

;
I
I 1.(3 : 1“’

Miscellaneous
other errors

!

I

. .- - .-

Error.due to using.
“C:!distribution
curves for unknown
distribution

I

1 -.-—

I Total error
I Water content ! Drop diameter !

-—————J. (percent ) ~ (percent ) . ‘ :l—

Ames Aeronautical Lzioora.tory,
National Advisory Committee for Aeronautics,

Moffett Field, Celif., June 23, 1947.
--
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OBSERVATD3NTSIN THE UPFER PORTION CIPA ‘LARGECUMULUS CLOUD
DURING THE PERZOD IMMEDIATEHI FOLLOWING THE ONSET OF PRECIFTTATION

— —

TfrM

[p.~.~,)

11:53$

u :59

11:58

12:04

12:05

12:12

-

Tem..era-
ture
(OF).—

5

4

3

‘1

0

-2

10,400

10,800

11,coo

u, 600

11,600

12,500

Liquid wa%cr
cOr,.tent
(gm/&]

1..9

l.k

1,0

,8

.6

?.-

Ilean effective
drop diameter

(microns)

NATION-U ADV1S02Y
COl@lI~.HXFORAERON.WTICS

. .

. ..

.
.

... .

.

‘.



NACA TN No. 1393

. .

. .

.

Figure 1.- Shielded free-air temperature
thermocouple installation on C-46 airplane.

Fig. 1

.-
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(a) Disassembled.

.@

/
---- .

-.. .

(b) Assembled.
.-

Figure 2.- Manually operated rotating cylinders,
two-cylinder assembly.
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. (a) In position for loading.
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,. (b) In extended position.

Figure 3.- Four-cylinder motor-driven rotating cylinder apparatus.
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(a) Cylinder ready for exposure.

(b) Cylinder in extended position.

Figure 4.- Cylinder for measuring area of
drop impingement.
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Fig.6 NACA TN No, 1393
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Fig. 8 NACA TN NO. 1393
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Fig. 10 NACA TN No. 1393

,.

,.

456

550

lD-
E

w E250
(u
3
w
mw -ma
(u
Q

75C

8!SC

9X

, ..,,“\ .,

.

.

-.

~t@Jk2~ \O. - DIWii W(I3M THE INVEST \GATION OF R CUMUW5

CLCMJ13 NERQ CHEYENNE} WYOMING ON APRIL Sj 1946.
NATIONAL ADVISORY

cOMMITTEE FOR AERONAUTICS



*.

L-
.

NACA TN No. 1393 Fig. 11

,

w’

b“

J-AYEQ CLOUDS WITI-\ PRECIPITATION

&iiiz2iz7

mLAY E12 CLOUU5 W lTHf3UT PKKCI P\TfWON

pm *
h-’

—-—- .-J
1

h

@

CXJWJLUS CLDUC)S WfT1-10IJTW?EC\PITATION
/P

I
o 02 0.4 0.6 O.~ !*O 1.2 1.4 }.6 1.$ 2,0

LIQUID W/ATE@: CONTEINT , gl’n~~

FIGU@E \\,- FfSQUENCY DIAGQ4N6 IIJAJSTEIATING TI& lWXIWlON OF

LIQ Ulo UJAmE? COfNTKNT Ta C LOUD FORM PNO C@WOSl_fION ,
NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS



NACA TN No. 1393

.*

~%
LAYEQ CLCWOS
W WHOtJT PRIZCII+ TPTW3N
87 OBSERVATIONS

21%
fl-—~ ‘7L —.— —.——----

-..

●

.
.

.

.

55%
232 O13SEF2W!” IONS

26% NATIONAL ADVISORY

13% COMMITTEE FOR AERONAUTICS
w

FIGURE \Z. - E?EIJ+TIVE FREQUENCY OF VARIOUS S)ICGPEEs OF
Ici NG ~NTEIN S ITY AS ‘RELATE() TO CuX!O ‘FORM AM) Pi2EClP\mT10h!



.

Cb

,.
.

.

.
.

NACA TN No. 1393

.

.

t

)

i

--e

w-

{

.,—.

.—

-L
---+

D w

. . .—
“

—. -—..

Fig. 13



‘..

*. .

NACA TN No. 1393

#

.
.

.
.

.

,.

Figu&e 14. - Installation of mercury-in-glass
thermometer on c-46 airplane.
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